We studied the oxidation resistance of graphene-coated Cu surface and its layer dependence by directly growing monolayer graphene with different multilayer structures coexisted, diminishing the influence induced by residue and transfer technology. It is found that the Cu surface coated with the monolayer graphene demonstrate tremendous difference in oxidation pattern and oxidation rate, compared to that coated with the bilayer graphene, which is considered to be originated from the strain-induced linear oxidation channel in monolayer graphene and the intersection of easily-oxidized directions in each layer of bilayer graphene, respectively. We reveal that the defects on the graphene basal plane but not the boundaries are the main oxidation channel for Cu surface under graphene protection. Our finding indicates that compared to putting forth efforts to improve the quality of monolayer graphene by reducing defects, depositing multilayer graphene directly on metal is a simple and effective way to enhance the oxidation resistance of graphene-coated metals.
I. INTRODUCTION
Graphene, a two-dimensional single-atom thick sheet of carbon, has attracted increasing interest due to its unique properties [1] [2] [3] and potential applications [4] [5] [6] . Aside from its excellent electrical property [1] and strength [3] , graphene has promising use as an ultrathin protection layer on metal corrosion because of its chemical inertness [7] , impermeable to standard gases [8] , and exceptionally transparency [2, 9] . At the same time, the chemical vapor deposition (CVD) has been applied to prepare high-quality graphene on various metals directly, including Cu [10] , Ni [11] , Pt [12] , Ir [13] , making the CVD graphene be an ideal optical thin layer for protecting metal surfaces. Chen et al. reported that CVD graphene improves the oxidation resistance of Cu and Cu/Ni [14] . However, a number of small oxides, which are shown as bright white spots, are still formed on graphene surface. This is due to the fact that the real CVD graphene is imperfect and wrinkles, point defect as well as graphene boundaries is inevitable during the graphene growth. As to the oxidation mechanism, most previous investigations reveal that the oxygen diffusion starts from the graphene grain boundaries [15] [16] [17] , which are always considered as the primary factors * Author to whom correspondence should be addressed. E-mail: yqsong@mail.ustc.edu.cn for the inferior quality of the CVD graphene. However, recent studies demonstrate that the wrinkles of graphene rather than the Cu grain boundaries or the graphene domain boundaries to facilitate the oxygen diffusion and oxidation of Cu surface [18, 19] . As a result, grain boundaries or wrinkles, which are the dominant factors for oxygen diffusion and oxidation process are still an open question.
It is intuitively that the oxidation resistance of Cu surface can be improved by using multiple graphene layers coating. In this regards, Prasai et al. [20] and Roy et al. [17] reported the ways to increase the degree of protection by transferring multiple graphene layers onto target surfaces. However, it is worth mentioning that the complicated and skilled transfer techniques inevitably resulted in the degradation of materials due to the formation of wrinkles and cracks, and the removal of adhesive residue is not complete [21, 22] . All of these can bring a lot of external factors for the study on the oxidation resistance of graphene coated Cu surface.
In order to eliminate the problems mentioned above, we investigate the layer dependence of the oxidation resistance by directly CVD growing graphene with different multilayer structure coexisted on the Cu surface. At the same time, we carefully adjust the trace O 2 contained in Ar/O 2 mixture to control the oxidation rate, which enable us to improve the controllability and to observe the initial state of oxidation. Optical microscope, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS) and X-ray excited Auger electron spec-troscopy (XAES) were used to gain more insight into the graphene layer dependence of oxidation resistance of Cu surface. We found that the Cu surface coated by the monolayer graphene presents much difference in oxidation pattern and oxidation rate from that coated by the bilayer graphene. The different behavior is considered to be originated from the strain-induced linear oxidation channel in monolayer graphene and the intersection of easily-oxidized directions in each layer of bilayer graphene, respectively. The results can be further verified by the oxidation experiment performed on the different temperatures and the corresponding Arrhenius plots analysis. Our results imply that it is the defects on the graphene basal plane but not the boundaries are the main oxidation channel for Cu surface under graphene protection. Moreover, instead of transfer, direct growth of multilayer graphene on the Cu surface is an effective and practicable method to protect the Cu surface from oxidation.
II. EXPERIMENTS
The monolayer graphene with coexisting multi-layer structure was directly grown onto the Cu foil using traditional CVD method. A piece of 2 cm×2 cm Cu foil (Alfa Aesar, item No.46365) was inserted into a small quartz tube with a diameter of 2.5 cm. After the tube was placed in the CVD furnace with a set of slides, the system was heated to 1045
• C in a 270 sccm Ar flow; then graphene could be directly formed on thefoil at 1045
• C with a flowing gas mixture of CH 4 /Ar (406 ppm CH 4 , 15 sccm), H 2 (8 sccm, 99.999%), and Ar (247 sccm, 99.999%) at ambient pressure. In order to make a direct comparison between the area with and without graphene coverage in oxidation resistance, graphene growth time was limited in 4 h, so that some of the substrate could not be covered. After growth, the sample was cooled rapidly to room temperature by simply pushing the furnace away from it.
In addition to the controllability of the experiment, the appropriate oxidation temperature should be chosen carefully. Extra-high temperature will lead the oxidation process too fast to observe the initial oxidation state. On the contrary, extra-low temperature will make the oxidation too slow to perform the experiment in the practicable time. Accordingly, we set the oxidation temperature between 500 and 650
• C. In the oxidation process, the graphene-coated Cu foil was put into the tube furnace with constant flowing gas. The gas is mixture of Ar (500 sccm, 99.999%) and O 2 /Ar (100 ppm O 2 , 70 sccm).
The process of oxidization on the surface of graphenecoated Cu surface was characterized by optical microscopy (Bx51, OLYMPUS), XPS, and XAES (ES-CALAB 250 X-ray photoelectron spectrometer with a monochromatic Al Kα radiation (hν=1486.6 eV)), as well as Raman spectra obtained by a LABRAM-HR Raman spectrometer with an excitation wavelength of 633 nm generated by an Ar + laser.
III. RESULTS AND DISCUSSIONS
The monolayer graphene with coexisted multi-layer structure was successfully grown onto the Cu foil by the CVD method. As shown in Fig.S1 in the supplementary materials, no defect-activated peak D at ∼1350 cm −1 can be observed in both spectra of monolayer and multilayer samples, indicating the high quality of the asgrown graphene.
As mentioned in the experiment section, we first carried out the oxidation process at 550
• C. For the sake of comparison, we chose the same area containing bare Cu surface, single layer graphene-coated Cu surface (Cu SLG) and multiple layer graphene-coated Cu surface (Cu MLG) to study the oxidation resistance at different oxidation time. As seen in Fig.1 (a)−(f), with the increase of oxidation time, the monolayer graphene was gradually oxidized away, while the multilayer graphene pieces can be preserved. When the oxidation time reaches 50 min, all monolayer graphene disappears and only multilayer graphene part is left. Figure 1 (g) and (h) show the Raman characterization corresponding to the area covered by SLG and MLG under different oxidation time. Compared with the Raman spectrum of SLG pristine sample (Fig.S1 in the supplementary materials), it is found that the defect-activated peak at ∼1350 cm −1 appears in the spectrum when oxidation time reached 20 min, implying the oxidation induced disorders and/or defects existed in the SLG [23] . As the oxidation time increases to 30 min, the 2D peak disappears completely and just a weak G peak is left, implying the SLG has suffered serious damage. With further oxidation, all peaks of graphene are vanished. On the contrary, as to the MLG, it can be found from Fig.1(h) that, even after 50 min oxidation, both G and 2D peaks are unchanged and their intensity ratios are kept about I 2D /I G ≈0.4. Moreover, no D peak can be observed in the spectra. These results indicate that MLG can be preserved with high quality under oxidation and can be used as a kind of good protection layer for Cu surface against oxidation.
To further know how the MLG resists the oxidation, we perform the oxidation with extend time for two kinds of MLG samples. One is bilayer graphene plate (sample I), and the other is the bilayer basal plate with multilayer graphene in the center (sample II). Figure  2 shows the optical images of the morphology changes for two kinds of samples when the oxidation time prolongs from 50 min to 340 min. For sample I, we can find the whole plate becomes in pieces continually with the oxidation time ( Fig.2 (a)−(c) ). The Raman spectra shown in Fig.2(d) indicate that the bilayer graphene can still remain after 50 min oxidation with its Raman characteristics of I 2D /I G ≈1 (Fig.2(d ever, the characteristic peaks of graphene completely disappear ( Fig.2(d) , red line) after 340 min oxidation, implying that the bilayer graphene has been fully destroyed. As compared to sample I, the sample II shows different oxidation behavior. As shown in Fig.2 (e)−(g), the pieces appear dominantly in the margin of the sample, while only sparse pieces exist in the middle region. Raman spectra taken from the middle area (Fig.2(h) ) show that the multilayer graphene can be preserved after 340 min oxidation. This comparative investigation further confirms the result that the oxidation resistance of graphene increases with its layer thickness.
Based on the results of Fig.1 and Fig.2 , we can find that there exists apparent optical contrast for graphene between the area with and without oxidation. Therefore, in order to quantitatively explore the layer dependence of oxidation resistance, the percentage of oxidized area can be analyzed based on image treatment, details are shown in Fig.S3 of the supplementary materials. . S1: Cu2O, S2: CuO, S3: Cu, (S1+S2)/S3: degree of oxidation. The oxidation degree is 3.0, 1.9, 0.3 to Cu, Cu SLG and Cu MLG, implying that oxidation resistance of Cu foil can be dramatically improved under graphene protection, and MLG acts as more effective diffusion barrier than SLG, protecting the underlying Cu foil from oxidation. oxidation rate. The fitting results show the oxidation rate of Cu MLG is 0.0025%/s, an order of magnitude slower than that of Cu SLG-0.035%/s (Fig.3(a) ), exhibiting the higher oxidation resistance.
Since it has been found that graphene coatings last longer in the oxygen atmosphere as its layer increasing, it is quite necessary to study the oxidation resistance of Cu surface under the protection of different layers of graphene. XPS and XAES were performed on these samples in order to provide an analysis of the metal composition after heat treatment (550
• C, 30 min). As shown in Fig.4(a) Cu surface (Cu) before and after oxidation all show two main peaks at binding energies of 932.3 and 952.0 eV, which correspond to Cu2p 3/2 and Cu2p 1/2 [23, 24] . For Cu and Cu SLG, satellite peaks can be observed at higher binding energies after oxidation (Fig.4 (b) and (c)). This satellite feature observed in the samples is an indication of materials having a partially filled d9 shell configuration in the ground state, such as copper dihalides, metallic nickel, or CuO [24, 25] . In addition, the peak at 933.9 eV corresponding to CuO can be seen in these samples. All above indicate that Cu and Cu SLG has been oxidized and there is deeper oxidation on Cu surface than that on Cu SLG due to the higher intensity of CuO peak. For Cu MLG, however, no satellite peaks can be found in the XPS after oxidation (Fig.4(d) ), implying the MLG coatings act as more effective diffusion barrier than SLG, protecting the underlying Cu surface from oxidation. Considering the characteristic peaks of XPS for Cu and Cu 2 O are very close to each other, the Cu2p 3/2 peak at 932.3 eV is mainly due to Cu or Cu 2 O or both, depending on the experimental conditions, so that XAES is essential to distinguish them [23] , as shown in Fig.4 (e)−(h). Notably, Cu foil shows broader peak located at 916.4 eV corresponding to Cu 2 O (Fig.4(e) ), indicating that uncoated Cu surface is easy to be oxidized even in the ambient condition. While the Cu surface with graphene coatings, no matter monolayer or multilayer, show narrow peaks located at 918.3 eV corresponding to Cu, exhibiting good oxidation resistance in the ambient atmosphere. After oxidation, peaks of Cu 2 O and CuO appear with different intensity in the XAES of the three samples. We use the intensity ratio of sum of copper oxides (S 1 +S 2 , S 1 : Cu 2 O, S 2 : CuO) to Cu (S 3 ) to show the degree of oxidation, and the results also demonstrate the protection effect of graphene which can be enhanced by the layer increasing.
In order to study the source of the difference in oxidation resistance, more detailed observation on the Cu SLG and Cu MLG has been made. First, it is essential to know the initial position of oxidation. As the oxidation time increasing, the bare Cu surface is the first to be oxidized (Fig.5(a) ), and the position of oxidation will be gradually revealed. It is particularly worth noting that oxidation does not begin at the grain boundaries, but in the graphene plane, because no oxidation line is observed at the boundary areas of graphene domains as shown in Fig.5(b) . It is different from the results reported in literatures that oxidation begins at grain boundaries [15] [16] [17] . For Cu SLG, there are linear oxidation stripes, which aligned in parallel, as seen in the Fig.5(c) , and the area of Cu MLG can be easy to distinguish simultaneously. For Cu MLG, oxidation particles are significant different. Very uniform granule and occasional linear stripes are shown in Fig.5(d) . Accordingly, it can be inferred that there exist different oxidation channels in Cu SLG and Cu MLG, respectively, which may be the possible reason for the distinct oxidation rates.
Due to the distinctly different coefficients of thermal expansion (CTE) between graphene [26] and the Cu foil [27] , the substrate-induced compressive strain may exist in the graphene film directly grown on Cu substrates during the CVD process. Thus, winkles perpendicular to strain (Fig.6(a) ) is induced. At the same time, wrinkles can be etched more easily than in other areas because epoxy chains tend to align along the zigzag direction [28, 29] , which is nearly perpendicular to the strain. Etching is realized by the transformation of the epoxy chain to the carbonyl pairs, while the epoxy pair acting as an intermediate species [31] . Once cracks are formed along the wrinkles perpendicular to the strain, the Cu surface under the wrinkles is oxidized by oxidizing elements which diffuse through the cracks. So the parallel oxidation stripes come out. To MLG, however, the wrinkles in each layer cannot completely coincide because of the larger size of the upper graphene single crystal, which crosses more copper grains and has to be under their influence. In order to better describe the progress, we take bilayer graphene coatings as an example ( Fig.6(b) ). After the cracks form in the first layer, oxygen diffuse through and contact to the second layer, but probably not to the sites on the wrinkles where can be easily etched, more likely to be at the barrier sites. Unless oxygen just contact to the sites belonging to the wrinkles, continued etching can occur and it will further oxidize the underneath Cu surface. That is to say, oxidation can happen on the sites where the intersection of the wrinkles of the two stacked layers for bilayer graphene. Occasionally, wrinkles of each layer can be coincident or partially coincident, inducing the emergence of linear oxidation stripes. More layers graphene is similar. That is why there were very uniform granule and occasional linear stripes after oxidation for Cu MLG. It should be pointed out that Raman results show that graphene gradually disappear with the increase of oxidation time, accordingly, oxygen not only reacts with Cu surface at the cracks but also oxidize adjacent copper atoms and graphene, as mentioned in the previous report [30, 31] . As a result, diffusion channels of oxygen get broader, and more copper and graphene can be oxidized. Eventually, the Cu surface will be of complete oxidation as graphene is totally oxidized away.
Based on the above analysis, diffusion channels of MLG are much fewer than that of SLG, which give rise to the slow oxidation rate of Cu MLG. To demonstrate the dominant contribution of the diffusion channel, we carried out oxidation experiments to Cu SLG and Cu MLG at different temperatures of 500, 550, 600, 650
• C. The corresponding oxidation rate is shown in Fig.3(b) , which show a significant linear relationship with 1/T for both samples when the longitudinal coordinates are expressed in logarithmic, implying that the oxidation process is related to the activation of temperature. Through the fitting results of Arrhenius equation: 
where E a is the activation energy and A is preexponential factor, the amount of reaction sites can be obtained. In essence, it is the reaction of oxygen and copper no matter for Cu SLG or Cu MLG, leading to the value of E a being approximately the same, 1.04 and 1.07 eV for Cu SLG and Cu MLG, respectively. Remarkably, the pre-exponential factor of Cu SLG (890.8 s −1 ) was 5.5 times as much as that of Cu MLG (161.2 s −1 ), indicating the number of reaction sites in Cu SLG is larger. The sites allowing oxygen to diffuse are the sites where reaction can occur. Therefore, the fitting results demonstrate our suggestion that the amount of oxygen diffusion channel make a major contribution to the oxidation resistance of graphene-coated Cu surface.
IV. CONCLUSION
We studied the oxidation resistance of graphenecoated Cu surface and its layer dependence by directly growing monolayer graphene coexistent with multilayer structure, diminishing the influence of residue and transfer technology. We reveal that oxidation begins at defects in graphene plane but not grain boundaries.
Aiming at the problem of dramatic different oxidation rates of Cu SLG and Cu MLG, we give the opinion that the oxygen diffusion channels are wrinkles induced by strain for Cu SLG, and those of Cu MLG are the intersection of the wrinkles in each stacked layer. The fitting results of experimental data based on Arrhenius formula prove our point of view. As a consequence, compared to putting forth efforts to improve the quality of monolayer graphene by reducing defects, depositing multilayer graphene directly on metal is a simple and effective way to enhance the oxidation resistance of graphene-coated metal.
Supplementary materials: To make sure that the foil surface was not completely covered, we made it oxidized in air for about 1 min at 200
• C by a heating platform, as seen in Fig.1(a) . Photograph ( Fig.S1(a) ), optical microscopy ( Fig.S1(b) ) and SEM (Fig.S1(c) ) of graphene show that the domain size is ∼2 mm. Some multilayer graphene can be visible by optical microscopy after being transfer to SiO 2 /Si substrate ( Fig.S1(d) ), implying that the graphene was single layer with multi-layer structure of coexistence. Corresponding Raman spectra showed in the Fig.S1 (e)−(f) also prove this structure, the intensity ratio of the 2D (I 2D ) to G band (I G ) is about 3 and the FWHM of 2D peak is 29 in Fig.1(e) , exhibiting the characteristics of single layer graphene (SLG), but that in Fig.1(f) 
